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Abstract
Cement-based materials are a vital part of active or abandoned CO2 injection wells and their chemical and mechanical stability is 
a prerequisite for a wider implementation of carbon capture and geological storage (CCGS). Previous research has revealed the 
diffusion-controlled alteration mechanisms of various cementitious grouts in CO2-rich environments at various regimes of 
temperatures, pressures, salinities and pH. In the present paper the main focus are the chemical interactions between a realistic 
CO2-saturated pore-water (Utsira formation) with class G cement samples at 8MPa for two bottom-hole temperatures (333K, 
393K). The carbonation front at 393K was doubled in depth in comparison to 333K, though for both temperatures the overall 
cement microstructure appeared to remain relatively intact with probable good sealing capacity for properly cemented abandoned 
wells. Calcium leaching depths for both 333K and 393K were almost identical, with the higher temperature showing evidence of 
generation of additional barriers to further CO2 inflow. Finally, chloride penetration was found to be independent of the 
carbonation reactions.
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1. Introduction: The role of cementitious grouts in the CO2 geological storage
1.1. CO2 geological storage and wells
In an attempt to minimize the risks emanating from CO2 leaks the most controllable factor of carbon capture and 
geological storage (CCGS) is the long-term chemical and mechanical stability of the CO2 injection well (EPA, 
2013). The increased number of man-made wells that have been constructed for oil and gas drilling operations 
(350,000 wells exist merely in the Alberta field at Canada [1]), together with the poor quality of some sealing 
materials used in the past, are facts that justify the need to investigate the quality of those wells for any possible CO2
leak.
1.2. Pathways of CO2 leakage
Cement-based grouts as a constitutive part of the wells adjacent to CO2-rich environments have been found to 
exhibit diverse sealing capacities. Cases like the CO2 injection wells at the SACROC Unit (West Texas) [2] and at
the Teapot Dome Oil Field (Wyoming) [3], demonstrate not only the unambiguous degradation of cement, but also 
that this degradation initiates at the contact points (interfaces) of the grouts with the injection casing and the 
surrounding rocks [4].
1.3. Cementitious grouts in CO2 underground fluids
The microstructural changes of the grouts, when submerged in CO2-saturated fluids, have been partially proved 
from laboratory experiments but more detail is needed on some of the reaction mechanisms. The main diffusion-
controlled mechanism of the effluent carbonic acid (pH<7) seems to progress throughout the cement pore fluid 
(S+§) with the dissolution of the main products of hardened cementitious materials; portlandite (Ca(OH)2) and 
subsequently of calcium silicate hydrates (C-S-H) [5]. The dissolution steps are followed by the precipitation of 
calcium carbonates that fill the pores and reduce the local permeability of cement. Several researchers attempted to 
monitor the dissolution/precipitation cycles in order to predict the long-term behaviour of the cementitious seals [6].
However a closer insight into the chemical changes of the cement, induced by the geological storage of CO2, is 
essential for a more detailed assessment of their sealing capacity in the long-term, and we report results from new 
laboratory studies.
2. Experimental details
2.1. Solid samples
Cement-based pastes were produced in line with the mixing protocol [7] that was implemented for the grouts 
used to seal the annular ring between the CO2 injection tube and the surrounding rock formations at Sleipner, North 
Sea. All the materials of the mix design are given at Table 1. The quantities shown correspond to the preparation of 
approximately 600 mL of cement paste. The components were mixed by means of a hand held cement mixer in the 
sequence given at Table 1 with the microsilica and cement added slowly to avoid the creation of agglomerates and 
to attain more homogeneous and efficient mixing. The paste was poured into cylindrical moulds with diameter and 
height of 4.7 cm and 2 cm respectively. After casting, the moulds were sealed to avoid loss of water, then allowed to 
set for 3 days (in the moulds) before demoulding and hardening for 28 days in Ca(OH)2-saturated deionized water.
2.2. Reactor arrangement
The sample core experiments were done in batch reactors at 333 K and 393 K (see Section 4) at 8 MPa for 
durations of 1 and 3 months (see Fig. 1, left side of the image). The reactors were made of steel, had a 
polytetrafluoroethylene (PTFE) lining to the inside (for preventing corrosion) and were continuously stirred by 
means of a magnetic stir bar. The cement:formation water (solid:liquid mass ratio) was 1:4. Two tubes were 
connected to the reactors for the duration of the experiments; one for the injection of the gas (CO2 or N2) and the 
other for sampling the liquid phase. The sampling tube was also used as a means of support to tie the sample cores
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in place and secure them from vibrations during the experiment, as well as during depressurization and the transfer 
of the reactors inside/outside the ovens. Table 2 shows the composition of the formation pore water that was used as 
the liquid phase of the reactors.
Table 1 Components used for cement grout mix preparation
Component Product code Mass (g) Sequence of addition
Water 230.78 1
Defoamer (aq) FP-16LG 0.95 2
Dispersant (aq) CD-31L 6.00 3
Retarder (aq) R-12L 5.90 4
Microsilica (aq) BA-58L 163.89 5
Fluid loss control additive (aq) FL-67LN 45.10 6
Cement (s) Class G 627.34 7
2.3. SEM/BSE/EDS
2.3.1. Preparation for electron microscopy
Cement cores were sub-sampled by splitting the sample axially using a cold chisel to reveal a fresh fracture 
surface (see Fig. 1, right side of the image). The sub-sampled fragments were cold mounted under vacuum using 
epoxy resin and cured for 24 hrs in order to stabilize the specimens during the polishing stage and not to induce any 
artificial fracturing. Grinding and polishing was conducted in six steps using a LaboPol-21 (Struers, Catcliffe 
Rotherham) with 20 cm diameter polishing wheel at a rotational speed of 250 rpm. Grinding was done using 400, 
600, 800 and 1200 wet grit SiC papers, followed by polishing on soft discs using 6 ȝm and 1 ȝm oil-lubricated 
diamond paste. Acetone was used to wash the samples in between grinding/ polishing steps to avoid any artefacts. 
Polished sample surfaces were then carbon sputter-coated to a thickness of c. 15nm using an Edwards 306 Vacuum 
Coater.
Fig. 1 (L) Batch reactor configuration with sample core location and (R) locus for sub-sampling for SEM analysis of a reacted cement sample
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Table 2 Composition of the simulated Utsira formation water (based on the Sleipner Field, North Sea, Norway) [7]
Component Quantity (g/L)
NaCl 25.875
KCl 0.400
MgCl2ǜ6H2O 5.269
CaCl2ǜ6H2O 1.563
NaHCO3 0.216
NaCl 25.875
Scanning electron microscopy (SEM) was done using a Philips XL30 equipped with a KE Developments back 
scattered electron detector and an Oxford Instruments energy dispersive X-ray spectrometer (EDS) for simultaneous 
phase differentiation and elemental mapping. The incident electron beam had an accelerating voltage of 20 kV while 
the working distance was kept at 10 mm. EDS maps were processed for the extraction of the leaching and 
carbonation depths using the QuantMap tool of the INCA software supplied by Oxford Instruments. For the 
elemental mapping the process time was kept at 5 ȝs (the dwell time at 200 ȝs, the scan speed at the medium option
and the total number of frames at 35.
2.3.2. Image processing
For the calculation of the carbonation front the image processing software ImageJ 1.47v was used (National 
Institutes of Health, USA). The BSE images were first calibrated to the micrograph scale bar, corrected for their 
brightness/contrast and despeckled by applying a 2 pixel median filter. The mean average of grey-level intensity 
plots, taken vertically and through the carbonation front, was calculated for the lateral and heterogeneously 
carbonated areas away from the edges.
3. Results and discussion: Impact of temperature on the stability of cementitious grouts
The following discussion describes the chemical changes that the cementitious grouts experienced in a CO2-
saturated saline solution under the two realistic bottom-hole temperatures but more detail is needed on some of the 
reaction mechanisms. These changes have been traced from the clear differential line (front) between the reacted 
and the non-carbonated parts detected in BSE micrographs and EDS elemental maps.
Fig. 2 The potential temperature impact on the time evolution of the carbonation front
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3.1. Carbonation front
Increasing the temperature (at a constant pressure of 8 MPa) from 333K to 393K increased the average
carbonation depth from 0.65 (+/- 0.356) mm to 1.32 (+/- 0.156) mm, which corresponds to 103% increase (see Fig. 
2). This equates to a rate of increase of 0.011 mm/K. This could allow the direct estimation of the carbonation depth 
in wells that experience temperatures in the intermediate range of the current experimental values for class G 
cement-based grouts, on the condition that a linear relationship governs the graph of carbonation depth versus 
temperature. Further experiments will elucidate the actual curvature of the graph of the carbonation front for 
intermediate temperatures.
Assuming that the carbonation front has a depth of L(t=1day) = 0 mm after the placement of the samples into the 
reactors, the a and b constants of the Elovich equation (݀ܮ/݀ݐ = ܽ ή exp (െܾ ή ܮ)) can be calculated [15]; this 
equation can be used for a conservative prediction of the carbonation depth up to an expected future point where the 
injected CO2 plume is stabilized by capillary trapping (e.g. 30,000 years) [16] and in contact with CO2-saturated 
fluids in the reservoir [17]. Thus for each of the two temperatures (333K, 393K) different values of the constants a
and b were calculated. The resulting graphs showed that the temperature of the reservoir might have a significant 
impact on the carbonation depth reaching the maximum value of 6.4 mm in the case of 393K (times >1,000years) 
(see Fig. 2). In reference to newly abandoned wells or old wells with good abandonment practices (width of the 
plugs > 2 m) then the carbonated depth would account for only the 0.32% of the width of the plug or 20.16% of the 
thickness of a 38.15mm thick bottom hole annular cement [18].
3.2. Compositional changes
Both samples show two different regions (see Fig. 3 and 4); a surface Ca-depleted zone, and an inner core of 
apparently constant Ca wt%. The composition of these regions does not appear to change across the rise in 
temperature that was studied. The typical compositional structure of class G cement materials is observed for the 
inner part in analogy to previous research [7]; partially hydrated cement grains surrounded by a hydration shell and 
amorphous C-S-H phases [13]. In contrast, the carbonated outer part has lost its original structure with Si-bearing 
compounds being the dominant ones [5, 8].
3.2.1. Ca leaching
All samples showed Ca leaching from the reacted outer parts, whereas Ca concentrations in the inner part
fluctuated slightly due to local heterogeneities within the cement (see Fig. 4A and 4B). The depth of the leached
region was calculated to be 0.37 mm for 333K and 0.25 mm for 393K (see Fig. 4C and 4D). In Fig. 4D the peak that 
is observed in the leached region (zone VI) can be neglected as it represents materials that were precipitated during
the depressurization stage of the reactor operating at 393K and which was not been observed in the separate reactor 
at 333K.
The Ca absence from the outer parts of the samples can be claimed to be a representation of the downhole 
behavior of the grouts. Ca is a ubiquitous element in the basic building blocks of conventional and novel cement-
based grouts according to its EDS footprint [14]. Its absence from the outer regions, those that are in contact with 
the CO2-saturated fluids (at a certain depth equal to the leaching depth), denotes that portlandite (Ca(OH)2) and 
calcium silicate hydrates (C-S-H) are likely to have been completely decalcified (zone IV, Figure 4A, C and zone 
VI, Figure 4B, 4D).
For the sample treated at 333K, the layer adjacent to the Ca-leached layer (IV) had an almost constant Ca wt% 
(zone III, width c. 0.48 mm) and is followed by a very thin layer of relatively high wt% Ca (zone II) in comparison 
to zones I and III. Zone II for the 333K treated sample had a thickness of approximately 0.15 mm, which was the 
main carbonation front and contained the maximum amount of Ca compared to all the other zones. For zone II it has 
been well documented [5, 7, 9] that calcium carbonates precipitate after the reaction between leached Ca2+ from the 
cement with bicarbonates HCOଷି in the fluid.
For the temperature of 393 K (and progressing from the outside to the inside of the sample), next to the leached 
region (zone VI) was a high Ca wt% layer (zone V, width c. 0.145 mm) which is followed by one layer of low Ca 
content (zone IV width c. 0.087 mm) and a layer of relatively constant Ca composition (zone III, width c. 0.317 
mm). Finally, a second peak of the highest Ca wt% in comparison to the whole graph, the carbonation front (zone II, 
width 0.164 mm) mediates before the Ca wt% reaches the inner core in which the mass concentration fluctuates 
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(zone I). A much more complicated series of reactions seems to take place in temperatures close to 393 K and so 
demands further detailed research.
Fig. 3. BSE micrographs for samples reacted for 1 month at 333 K (A) and 393 K (B) and 8MPa at CO2 saturated formation water
Fig. 4. Ca weight profiles and corresponding graphs of the nondimensionalized weight from the reacted to the uncarbonated parts; (A), (C) 
correspond to the case of the 333K; (B), (D) correspond to the case of 393K
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3.2.2. Chloride ingress
The interactions of cementitious grouts with groundwaters seem to have the direct consequences of Cl diffusion 
to the inner part of the samples and the total absence of Cl from the reacted part as evidenced by the corresponding
EDS map (see Fig. 5). At 393 K the chloride front (i.e. the line where chlorides were detectable and distinguishable 
from the outer region ) (A1) is clearer at 0.98 mm with Cl- present at appreciable quantities from a depth of 0.67 mm
and beyond (non-dimensionalised weight > 85.5%). At 333K the chlorides seem to create a well-defined front -
increase in %wt- clear front (B1) at a depth of 1.77 mm with the most pronounced concentration from 1.1 mm 
onwards (non-dimensionalised weight of Cl- at B2 c. 83.7%). In general, it was observed that chloride diffused 
ahead of the carbonation reactions at 333 K, but at 393 K a Cl-rich zone surrounded the main carbonation front 
(zone II) (see Fig. 5). A counter-diffusion mechanism against the external decalcification of the grouts seems to take 
place where the chloride anions flow in a direction normal to the surface and towards the inside of the grout. The Cl-
diffusion is triggered by the generation of Ca+ from the structural units of cement in an attempt to neutralize the 
incoming carbonates and bicarbonates from the dissolution of CO2. In other words, it is the net positive charge of 
the produced cations in the inside of the grout that that leads to the attraction of the net negative charge of the Cl 
anions. 
3.3. Conceptual model
While at 333 K a single carbonation front can be observed for the current class G cement grout, at 393K an 
additional Ca-rich zone (zone V, see Fig. 4D) is formed – though this is less dense than the actual carbonation front 
(zone II; see Fig. 4D). This creates an additional ‘buffering’ zone for the effluent CO2 dissolved species. The 
characterization of the barrier as ‘buffering’ denotes that at higher temperatures (close to 393 K) the Ca cations that 
are found in zone V (see Fig. 4B and D) are able to provide the necessary charge for the neutralization of the 
bicarbonate anions and thus inhibit the fast degradation of the main carbonation front (zone II, see Fig. 4B and D).
Fig. 5. (left) Conceptual model of the impact of 333K and 393K to the stratification of the layers with various Ca content for the class G cement-
based grouts; (right) the chloride fronts in each temperature and the chart showing the different profiles of Cl- ingress.
4. Conclusions
The present study demonstrates that, for pressures close to 8 MPa and over relatively short timescales, the 
carbonation depth approximately doubles when temperature is increased from 333K to 393K, with the Ca leaching 
depth decreasing by 32.4%. Even though major changes in the grouts take place from the surface towards the 
boundary of the carbonation front, the fact that chloride ingress is deeper than the carbonation depth suggests that a
broader region of the chemical structure and physical properties of the grout is being altered by the CO2-saturated 
fluids. The decalcification/carbonation phenomena of the cement that could potentially create problems with the 
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mechanical seal between the casing and adjacent rocks, seem to lead to extensive penetration (up to 21%) in the long 
term for well cements at 8 MPa and 333K or 393K. CO2 injection wells like at Sleipner, 303K [11], In Salah, 366K 
[12] and South Brae Field, 393K [13] represent real fields that could be used for in-situ assessment (core extraction)
of the changes of the elemental profiles of the grouts and verification of the projected carbonation front through 
monitoring of the temperature evolution during the active and abandonment stages of the wells. Based on Figure 2,
the predicted carbonation depth after 1000 years for these temperatures is approximately 1.2 mm at 303 K (Sleipner 
field temperature), 3.9mm at 366 K (In Salah field temperature) and 5 mm at 393 K (South Brae Field temperature). 
With reference to the carbonation depth at 303 K increasing the temperature to 366 K increased carbonation depth 
by 225% and at 393K by 317% after 1000 years. These values have been calculated for the sake of comparison of
the carbonation depth propagation over the range of realistic reservoir temperatures. The above mentioned 
calculated carbonation depths are not site-specific since the overall alteration of the chemical and transport 
properties of cementitious grouts incorporates variables such as the reservoir’s pressure, salinities and host-rock 
properties. Further research is needed to understand the relative effects of carbonation depth variation on the 
physical and transport properties of the cement grout after long-term exposure to CO2 saturated brines. 
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